Abstract. The principle of detailed balance relates the cross sections σ PR for photorecombination (PR) and σ PI for photoionization (PI) of ions on a state-to-state level. Measuring one or the other of the two cross sections provides direct information about the time-reversed process. Measurements carried out at the Advanced Light Source, Berkeley, for PI of C 2· and Sc 2· are compared with experimental results from the heavy-ion storage ring TSR, Heidelberg, on PR of C 3· and Sc 3· , respectively. From that comparison, state selective cross sections can be inferred both for PR and PI. Both experimental approaches provide possibilities for high-resolution spectroscopy of multiply excited states.
INTRODUCTION
Photoabsorption in the interstellar medium modifies the radiation spectrum of distant objects in the universe and thus complicates the interpretation of astrophysical observations. Photoionization of ions is an important mechanism for the production of highly charged ions in plasmas exposed to hot sources of radiation. Ionization in such plasmas is usually balanced by low-energy electronion recombination [1] . Because of their applied importance photon-ion and electron-ion collision processes have received long-standing interest by the plasma and astrophysics communities [2] .
With the advent of heavy-ion storage rings [3] a prime source of experimental information on electron-ion recombination became available and the field of recombination studies rapidly matured [4] . Now, with the development of suitable experimental facilities at thirdgeneration synchrotron radiation facilities, research on photon-ion interactions is also rapidly evolving. The state of the art in photoionization experiments with ion targets has recently been reviewed [5] .
The work described in this paper relates measurements on photorecombination (PR) obtained at a heavy ion storage ring with photoionization (PI) experiments carried out at a synchrotron light source. From the combined information obtained in PI and PR studies a new level of insight into the mechanisms of both processes becomes available. . Recombination can directly lead to bound states (RR = radiative recombination) which may be excited. Alternative routes involve capture with excitation of the valence electron (DC = dielectronic capture) and subsequent emission of radiation (RD = radiative decay). Decay directly to the ground state is only possible by a twoelectron transition (2e1γ = two-electron-one-photon decay). excited autoionizing states (see Fig. 1 ). The indirect (resonant) PR channel is also called dielectronic recombination (DR). The principle of detailed balance, based on time-reversal symmetry, relates the cross sections σ PI and σ PR of PI and PR, respectively, on a state-to-state level. For nonrelativistic photon energies hν m e c 2 one obtains
DETAILED BALANCE
where the quantities g i and g f are the statistical weights of the ionic initial and final states, respectively. Measuring one or the other of the two cross sections σ PI and σ PR provides direct information about the time-reversed process. However, neither the usual storage ring PR experiments nor the present synchrotron light source measurements of PI can immediately provide state-selective cross sections for which both the initial and the final state of the ion are known. In present PI experiments the initial state of the ions is not always well defined, parent beams of a given charge state may contain ions in long lived excited states. In present storage ring PR experiments the parent ion is generally in its ground state, however, the final state of the recombination process is not specified since only the new charge state of the recombined ion is detected. Hence, when comparing measured PI and PR cross sections on the basis of Eq. 4, one has to be aware of the fact that the number of PR channels starting from (almost generally ground) state f is usually much larger than the number of PI channels ending in state f . This is illustrated in Fig. 1 for the case of PR of C 3· and PI of C 2· ions. Total recombination cross sections, that are usually measured in merged-beams electron-ion storage-ring experiments [3, 4] , therefore, cannot be directly compared to PI cross sections obtained in present photon-ion mergedbeam measurements. In spite of this apparent complication, the combined results of PI and PR experiments can provide a new level of understanding. This will be illustrated below with two examples.
RESULTS
The techniques applied in PI and PR experiments have been described in detail previously [6, 7] . In particular, measurements for PI of C 2· [8] and for PR of C 3· [9, 10] have already been published. The two data sets are compared in Fig. 2 which shows a narrow energy range of the measured cross section function for PI of C 2· together with a calculated PI cross section obtained from PR data by strictly applying Eq. 4 to the available PR cross sections. At about 48.5 eV a quite prominent and broad feature with an asymmetric resonance shape dominates the PI cross section in that energy range. The feature is associated with the doubly excited state 1s 2 2p4d 1 P that can be reached from the ground state of C 2· by a dipole allowed transition involving excitation of two electrons.
The thick solid line is the result of a model calculation of direct photoionization for 60 % ground state and 40 % metastable C 2· ions present in the parent beam of the experiment [8] and includes a Fano-Voigt fit of the 1s 2 2p4d 1 P resonance found at at hν 48 486 eV. The level energy and the total natural width of the 1s 2 2p4d 1 P state in the fit were basically taken from previous investigations of PR of C 3· ions [9, 10] . The PR study yielded a resonance energy E cm 0 586 eV, slightly shifted (by 13 meV) with respect to the PI experiment. The strength of the PI resonance was found to be S PI Cross section ( Mb )
Photon energy ( eV ) FIGURE 2. Experimental cross sections for PI of C 2· (open circles) [8] are compared with C 3· PR data converted by using the principle of detailed balance (Eq. 4). The conversion was carried out with statistical weights g f 2 and g i 1 of the ground states 1s 2 2s 2 S and 1s 2 2s 2 1 S of the investigated ions, respectively. The ionization potential of ground state C 2· is I i = 47.888 eV. The solid circles with statistical error bars originate from a previous PR experiment [10] , the associated thin solid line stems from many-body-perturbation-theory (MBPT) [9] and was scaled by a factor 0.8 to match the experimental PR data. The thick solid line in the lower portion of the figure shows the 2p4d 1 P contribution to PI of ground-state C 2· obtained by a Fano-Voigt fit to the PI data maintaining the resonance energy and the resonance width from the MBPT PR calculation. Contributions of Rydberg states to the PI cross section resulting from PE excitations of metastable parent C 2· ions are indicated by the shaded areas.
difference calls for an explanation. Resonant PI of C 2·´1 s 2 2s 2 1 Sµ at around 48.5 eV proceeds via dipole excitation to the 1s 2 2p4d 1 P state. This state can decay by the emission of radiation or by autoionization to the C 3·´1 s 2 2s 2 Sµ ground state. In the PI experiment the latter channel is observed. The time reversed process is dielectronic capture of a 0.6 eV electron by a C 3·´1 s 2 2s 2 Sµ ion with subsequent relaxation of the intermediate 1s 2 2p4d 1 P resonance by a two-electronone photon transition to the C 2·´1 s 2 2s 2 1 Sµ ground state. In the PR experiment, however, the intermediate resonant state can also decay by numerous additional routes, predominantly sequential emission of two photons (see Fig. 1 ). From the comparison of measured resonance strengths one can conclude that only about 7 9% of PR via the 1s 2 2p4d 1 P resonance is due to the time reversed photoexcitation studied here, i.e. radiative stabilization of the PR resonance by a two-electron -one-photon transition occurs with a probability of only 7 9%.
The application of detailed balance to experiments on PI of Sc 2· [11] and PR of Sc 3· [12] 2 and Mg 3p 5 3d4s, both based on a Mg-like core. Both configurations support states with very fast autoionization decay and, hence, many of the associated resonances are broad. Full radiative relaxation of both groups of autoionizing states requires emission of only one electron which is different from most other autoionizing configurations, such as the C 2·´1 s 2 2pnlµ resonances whose dominant radiative decay is by sequential emission of two photons.
Measured Sc 2· PI and Sc 3· PR cross sections are shown in Fig. 3 together with state selective cross sections for PI and PR deduced from the experimental data by applying the principle of detailed balance. According to Eq. 3 the electron energy scale (panel c) ) has been shifted with respect to the photon energy scale (panels a) and b) ) by the ionization potential (24.757 eV) of the Sc 2· (3p 6 3d 2 D 3 2 ) ground state, such that the PI and PR spectra can easily be compared. Apart from the lower energy resolution of the PR experiment there are obvious similarities with respect to relative resonance positions and strengths. The resonance at hν 41 8 eV in the PI spectrum appears in the PR spectrum at an energy shifted by about 3.1 eV. This shift corresponds to the 3d 4s excitation energy and is therefore a clear indication for the presence of metastable Sc 2· (3p 6 4sµ parent ions in the PI experiment. In addition to the fact that unknown fractions of metastable components were present in the primary beam the measured cross section for PI of Sc 2· was initially only relative. On the basis of an identification of most of the PI resonances in the energy range displayed in Fig. 3 and under the well founded assumption that radiative decay of the intermediate resonant states exclusively proceeds by 3d 3p transitions, application of the principle of detailed balance and comparison with the absolute cross section for PR of ground state Sc 3· provided the fractions of the 3p 6 3d 2 D 3 2 ground state as well as of the 3p 6 3d 2 D 5 2 and 3p 6 4s 2 S 1 2 Sc 2· metastable components in the parent beam used in the PI experiments and hence also yielded absolute cross sections for PI of the three different initial Sc 2· states involved in that experiment (see Fig. 3, panel b) ). From the time-reversal analysis final-state resolved contributions to PR of ground-state Sc 3· (see Fig. 3, panel c) ) could also be inferred.
Application of the principle of detailed balance to state-of-the-art measurements at ion storage rings and synchrotron light sources provides a powerful tool for recovering detailed information on both photoionization and photorecombination processes. Photon energy ( eV ) FIGURE 3. Experimental cross sections for PI of Sc 2· a) [11] and PR of Sc 3· ions c) [12] . Most of the detected resonances are identified at the state-to-state level as indicated in the different panels. Fine structure doublets have been resolved in the PI experiments. The assignments can be read from panels a) and b) which both show PI results. The data displayed in panel b) are absolute cross sections for 3 different initial states of Sc 2· , the weighted sum of which is the original PI measurement of panel a). The time-reversed PI processes of panel b) make up for most of the PR cross section displayed in panel c) as indicated by the sum line. The shaded resonance in b) is due to PI of the 3p 6 4s 2 S metastable component of the parent beam and corresponds to the shaded peak in c) which is the resonance 3p 5 3d´1Pµ4s 2 P decaying almost exclusively to the metastable 3p 6 4s 2 S state.
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